Abstract. In this paper we apply the interpretation of magnetization measurements developed in an associated paper to Tb/Fe multilayers for magneto-optic recording applications. Our results show that remanence curves and delta-I plots are able to determine the controlling mechanism for magnetization reversal in Tb/Fe multilayers. In the multilayer with the greatest Tb content this domain nucleation controlled magnetization reversal gave way to domain wall pinning controlled reversal for films with more than 6 bilayers. In the intermediate Tb content multilayers, domain wall pinning became important only after 20 bilayers, whereas for the lowest Tb content film reversal remained domain nucleation controlled throughout the series. The form of the time dependence of magnetization is connected to the magnetization reversal process. All the films that showed magnetization reversal dominated by domain nucleation also exhibited a nonlinear ln(t) time dependence whereas films showing domain wall pinning reversal exhibited a linear ln(t) time dependence. The form of the activation volume as a function of applied field is the same for all the films controlled by domain nucleation processes.
Introduction

Thin films for magneto-optic recording
This paper reports the application of our previous work [1] to Tb/Fe multilayers for magneto-optic (M-O) recording. Thin films with perpendicular anisotropy, suitable for M-O recording applications, were originally discovered in 1973 [2] . These first materials were based on amorphous rare earth-transition metal (RE-TM) alloys. Since then RE-TM alloy thin films have proved to be the most effective materials for magneto-optic data storage. Magneto-optic recording combines the advantages of both magnetic and optical data storage [3] . Thus, in principal, the unlimited rewrite capability of magnetic storage can be combined with the high bit density and contactless read/write of optical systems.
One of the major technological drawbacks in magnetooptic recording at present is the lack of direct overwrite [4] . Currently the write process is significantly inhibited by the need to first erase old data before replacement information can be written. A number of schemes designed to overcome the problem of direct overwrite in magneto-optic recording § Present address: School of Physics and Astronomy, University of St Andrews, St Andrews, Fife KY16 9SS, UK. E-mail address: tt@st-and.ac.uk have been proposed. These schemes can be grouped into four categories: magnetic field modulation [5] , optical modulation using single-layer direct overwrite materials [6] , erase before write techniques [7] and optical modulation using multiple-layer exchange coupled materials [8] .
A number of commercial products based on M-O technology are currently available for both computer data storage and audio systems. Computer data storage of up to 1.4 GB is widely available, while the Sony Mini Disc system, launched in 1991, was aimed at introducing magneto-optic recording to audio products. This system uses 9 cm disks to record up to 74 min of audio information. The recording technique used in the Mini Disc system uses exchange coupled multiple-layer materials with at least two active magnetic layers, an upper layer with a low coercivity and a lower layer with a high coercivity. During the recording process both layers are switched. Prior to readout a magnetic field erases the low-coercivity upper layer. The read laser beam is focused onto this erased upper layer, causing the layer to heat up and acquire the same magnetization state as the lower layer directly beneath the affected area. The components of the thin film materials are adjusted so that during the write cycle only the area of the lower layer at the centre of the laser spot is heated above the Curie point. This reduces the effective diameter of the laser beam and allows for much higher recording densities.
Hence a 9 cm magneto-optic disk can, with suitable data compression techniques, hold as much audio information as a conventional 12 cm optical CD. The capacity of magnetooptic systems can be expected to increase considerably as miniature solid state lasers progress in wavelength from the near infrared (780 nm) to blue wavelengths (350 nm), thus reducing the laser beam diameter and allowing smaller bits to be written.
Origins of anisotropy in Tb-Fe-based magneto-optic recording media
An essential requirement for magneto-optic recording media is perpendicular anisotropy so that the magnetization vector lies normal to the plane of the film. A number of thin film materials exhibit perpendicular anisotropy [9] , but most of the research effort in this area has concentrated on studying RE-TM alloys and multilayers based on Tb-Fe, although Co/Pt and Co/Pd multilayers [10] have also been of considerable interest. The origin of the perpendicular anisotropy in Tb-Fe systems is still not established beyond doubt [11] , however detailed EXAFS work [12] has identified a strong correlation between structural and magnetic anisotropy. Pair-pair correlations between Fe-Fe and Tb-Tb were greater in the plane of the film, whilst Tb-Fe correlations were greater perpendicular to the plane of the film. The role of these structural correlations was confirmed by annealing experiments where annealing at 300
• C caused the structural anisotropy to disappear and the magnetic anisotropy to reduce to a level consistent with magnetoelastic effects. In Tb/Fe multilayers the situation is complicated by the symmetry breaking which occurs at the interfaces. This gives an additional contribution from a surface anisotropy first described by Néel [13] , which contributes to the total perpendicular anisotropy of the multilayer.
Domain wall pinning in thin films
A large part of this work is devoted to the measurement and analysis of magnetization reversal in Tb/Fe multilayers. Domain wall motion plays a critical role in the magnetization reversal processes in thin films and it is therefore important to have an appreciation of the obstacles to domain wall motion. Domain walls are pinned at magnetic inhomogeneities.
A number of different phenomena can be responsible for producing inhomogeneities and briefly these are: (i) dislocations giving rise to highly inhomogeneous microstrains [14] and the pinning of domain walls through magnetostatic coupling; (ii) magnetic inclusions such as second phase precipitates, pores, or cracks [15] which act to reduce the energy of the domain walls when they intersect them through a change in the distribution of free poles [16] . As an example, recent work on TbFeCo thin films [17] identified grooves in the substrate as a source of domain wall pinning.
The strength of a domain wall pin is defined by the way in which a domain wall breaks free. If the domain wall bends prior to escape then the pin is considered strong, while if the wall moves in a planar manner and breaks away before bending then the pinning is weak. Gaunt [18] , by analogy with the motion of dislocations, has shown that for the case of strong pinning the Friedel [19] condition is satisfied. This condition assumes that when a wall breaks away from a pin the volume swept out contains on average one replacement pin. Weak pinning regimes have been discussed by Labusch [20] for dislocations, and by Hilzinger and Kronmüller [21] , who proposed that weak pinning was due to a statistical fluctuation of pin density, as a uniform distribution of pinning sites leads to zero coercivity.
Magnetic properties of Tb/Fe multilayers
In this work we present the results of a comprehensive investigation into the magnetic properties of Tb/Fe multilayer films for magneto-optic recording applications. Studies were undertaken to examine the variation of magnetization reversal, interaction effects, fluctuation fields (H f ) and activation volumes (V act ) with multilayer thickness as well as composition. The multilayers consisted of individual layers of Tb (14-20Å) and Fe (8-13Å) . Both the number of bilayers in the multilayer, and the individual layer thicknesses were varied in a systematic way. The analysis and interpretation used for the magnetic data presented in this paper have been fully discussed in an accompanying paper [1] where a similar analysis was applied to alloy films of Tb-Fe-Co. The main points of the interpretation can be summarized as follows.
Central to the interpretation was the realization that remanence curves provide an experimental technique that can be used to distinguish between different magnetization reversal processes. A model of the magnetization reversal dynamics in magneto-optic thin films based on computer simulations using the Landau-Lifshitz-Gilbert equation was developed by Mansuripur and McDaniel [22, 23] . This model suggested that two coercivities could be identified in magneto-optic thin films: a coercivity associated with domain nucleation and a coercivity associated with domain wall motion. The results from Mansuripur's computer simulation work have proved reliable and have shown excellent agreement with analytical solutions for the special cases where analytical solutions exist [23] .
Remanence curves are able to distinguish between the two magnetization reversal processes because in continuous materials IRM remanence curves chart the progress of the net remanent magnetization free of nucleation effects as these curves start from a macroscopic zero magnetization state. DCD remanence curves measure nucleation effects as these curves start from forward remanent saturation. Careful comparison of the two remanence curves then gives information on the importance of domain nucleation in the magnetization reversal process. Such a comparison can be made in a number of ways. Differentiating and normalizing the remanence curves gives the energy barrier distribution for the process measured by the curve. Thus differentiating the IRM remanence curve gives the domain wall pinning energy barrier distribution whilst differentiating the DCD remanence curves leads, in the ideal case, to the domain nucleation energy barrier distribution, or more often, to a convolution of the domain nucleation and domain wall pinning energy barrier distributions. The two remanence curves can also be compared directly using the delta-I plot where the delta-I (strictly I (H )) [27] is defined as
with I d (H ) = DCD remanence curve (normalized to I s ) I r (H )) = IRM remanence curve (normalized to I s ). It is proposed [1] that in some circumstances the maximum (minimum) value of the delta-I plot can provide a parameter that quantifies the relative importance of domain nucleation (domain wall pinning) to the magnetization reversal process. This provides a measure with which the recording characteristics of different films could be compared to their magnetization reversal characteristics.
Experimental details
The multilayer films studied in this work were produced by r.f. sputtering. The films were deposited, at a rate of between 1.1 and 2.7Å s −1 depending on the thickness of the layers, directly onto fused quartz substrates 19 mm in diameter and 0.5 mm thick. A final Al overlayer approximately 90Å thick was deposited over the multilayers to inhibit oxidation. The substrates were chemically cleaned and back sputtered at a high r.f. power immediately prior to deposition. A base vacuum pressure of 1 × 10 −7 Torr was obtained and an argon pressure of 6 mTorr was maintained during deposition. A total of three series of films were produced. In each series the thickness of the individual Tb and Fe layers remained constant, while the number of repeat units (bilayers) was altered. Table 1 summarizes the multilayers investigated. Layer thicknesses and film composition were determined by x-ray fluorescence. Three films of each type were prepared, allowing the reproducibility to be checked.
The magnetic measurements were carried out at room temperature using an alternating gradient force magnetometer (AGFM) with the applied field perpendicular to the plane of the film. The typical sample size was 3×3 mm 2 and the sensitivity of the instrument (r.m.s. noise base) was 2 × 10 −8 emu. The instrument was calibrated using a palladium foil of similar dimensions and moment to those of the samples, as discussed in [1] . Figure 1 shows hysteresis loops for the 6 bilayer film, and the loop for the 14 bilayer film which is representative of films with 8-20 bilayers and the 24 bilayer film. Examination of the loops in figure 1 confirms that the saturation magnetization and coercivity are similar. The remanent magnetization is different and lies on a section of the loop where dM /dH app is large and as such is difficult to interpret unambiguously. However it can be seen qualitatively that the shapes of the loops are different although characterization of this difference is not straightforward with simple hysteresis loops. The IRM and DCD remanence curves are shown in figure 2 . As with the coercivity obtained from hysteresis loops, the remanence coercivities H r (obtained from the IRM remanence curve where the value of the remanence is half the saturation remanence I r ) and H r (obtained from the DCD remanence curve where the remanent magnetization equals zero) do not vary in any systematic manner with the number of bilayers in the multilayer stack. However, as can be seen from figure 2 the form of both the IRM and DCD remanence curves changes and this implies that the processes measured by the two remanence curves are changing as a function of number of bilayers. This variation is best illustrated by differentiating the curves and obtaining the energy barrier distributions for the processes measured by the two remanence curves, figure 3. The energy barrier distribution obtained from the IRM remanence curve measures the domain wall pinning energy distribution, whereas the energy barrier distribution obtained from the DCD remanence curve also contains information on the domain nucleation energy. In the case of the 6 bilayer film ( figure 3(a) ) the two energy barrier distributions show the same single sharp peak. However the domain wall pinning energy barrier distribution is shifted to the left of the domain nucleation energy barrier distribution and therefore as soon as the reverse domains are nucleated, domain wall motion can occur. These two observations imply that magnetization reversal occurs abruptly when the applied field supplies sufficient energy to nucleate domains leading to the square hysteresis loop observed in figure 1(a) .
Results and discussion
M series multilayers (Tb = 19.8Å, Fe = 8.5Å)
The energy barrier distributions obtained for the 14 bilayer film show quite different behaviour compared with the 6 bilayer film ( figure 3(b) ). Here the domain nucleation energy barrier distribution indicates that domains can be nucleated relatively easily compared with moving the domain walls. Thus in this film magnetization reversal is controlled by the domain wall pinning energy barrier distribution, hence the two energy barrier distributions have the same functional form after the initial nucleation phase. That is, the tail of the distribution derived from the DCD curve is essentially the same as the distribution derived from the IRM curve. This is entirely reasonable, as at this stage in the magnetization reversal process both curves are measuring the same distribution, i.e. the domain wall pinning energy barrier distribution. The hysteresis loop for this film is then determined by the domain wall pinning energy distribution leading to the non-square loop observed in figure 1(b) .
The energy barrier distributions for the 24 bilayer film show a similar behaviour to those of the 14 bilayer film. Again the domain nucleation energy barrier distribution shows that reverse domains are nucleated by small reverse fields, indicating that in this film magnetization reversal is governed by the domain wall pinning energy barrier distribution rather than the domain nucleation energy barrier distribution. The similarity in the form of the tails of the two distributions can also be observed. The hysteresis loop for this film ( figure 1(c) ) also reflects, as in the case of the 14 bilayer film, the fact that magnetization reversal is governed by domain wall pinning rather than domain nucleation.
The delta-I plot has, until recently, been considered solely as a method of analysing magnetic interactions [1] . However under certain circumstances it is possible to use the comparison of IRM and DCD remanence curves, through the delta-I plot, to give quantitative information on the dominant magnetization reversal mechanism where more than one magnetization reversal mechanism is important. Using the delta-I plot the degree to which magnetization reversal is governed by either domain nucleation or domain wall pinning can by determined by measuring the peak height of the delta-I plot [1] . Figure 4 shows the delta-I plots obtained for the three films from the M series (Tb = 19.8Å, Fe = 8.5Å) multilayer films. As with the previous data the 14 bilayer film in figure 4 is representative of all the films with between 8 and 20 bilayers. The different behaviour of the six bilayer film is thus highlighted. This film, in contrast to all the other films in this series, has a positive delta-I plot. This positive delta-I plot implies that magnetization reversal is governed by domain nucleation processes rather than domain wall pinning. That is, for a given applied field the IRM remanence curve is closer to saturation than the corresponding DCD remanence curve. Hence as new reverse domains are nucleated the new domain walls are able to move through the material to some extent. This movement is, however, restricted by domain wall pinning and hence although domain nucleation remains the governing process, the role of domain wall pinning cannot be neglected. To see that this is the case, consider a material where there is no overlap between the domain nucleation and domain wall pinning energy barrier distributions. The delta-I plot for this system initially increases to its maximum value of two (because of normalization), the rate of increase being determined by the domain wall pinning energy barrier distribution. The value of two is maintained until reverse domains are nucleated, at which point the magnetization abruptly reverses, causing the delta-I plot to drop to zero. The delta-I plot for the 6 bilayer film of figure 4 has an extreme value (peak height) of I extme = 0.59 and hence magnetization reversal is governed to this extent by domain nucleation. Hence the I extme value offers a parameter with which to characterize the degree to which domain nucleation or domain wall motion is important in magnetization reversal in magnetooptic thin films.
The 14 bilayer M series film, figure 4 , shows quite different behaviour compared with that of the 6 bilayer film. Here the delta-I plot exhibits a negative peak and remains negative for all values of applied field. This indicates that magnetization reversal is governed by domain wall pinning rather than domain nucleation. The extreme value of delta-I for the 14 bilayer film is I extme = −0.77. Normalization of the delta-I plot ensures that the maximum negative value is −1. As I extme is negative the interpretation of the delta- I plot is slightly different. As domain nucleation is not part of the governing process for magnetization reversal, the material can be treated as a system where only one magnetization reversal mechanism is important, in this case that of domain wall motion. Thus the delta-I plot charts the differences in magnetization processes between the material going from the demagnetized state to saturation and from forward saturation to reverse saturation. Possible reasons for this switch in behaviour as the number of layers in the multilayer stack increases are explored in the following section on the N series films.
In associated work [1] it was suggested that the form of the time dependence of magnetization was sensitive to the magnetization reversal mechanism. Time dependence data for two of the M series multilayers are given in figure 5. Figure 5 (b) shows a linear time dependence of magnetization, this is representative of all the films in the M series other than the 6 bilayer film. The 6 bilayer film shows a clear nonlinear behaviour. Thus, for these multilayers, the different magnetization reversal behaviour is correlated with a different form of time dependence.
Fluctuation fields and activation volumes for the 6 and 14 bilayer films are shown in figure 6(a) and (b) respectively. The nonlinear time dependence data of the 6 bilayer film were analysed using the magnetic constitutive equation method [24] while the linear time dependence data of the 14 bilayer film was analysed using H f = S/χ irr as described in [1] . Inspection of figure 6 shows a clear difference in the form of the fluctuation field and activation volume between the 6 bilayer film where magnetization reversal is domain nucleated, and the 14 bilayer film where reversal is governed by domain wall motion. The data from the 6 bilayer domain nucleated film show that, as magnetization reversal commences, a relatively large volume of material is initially reversed representing the nucleation volume. As the reversal proceeds smaller volumes are activated as domain walls are swept between metastable pinning sites. Finally, the activation volume increases as the applied field now provides sufficient energy to ensure that only the strongest pinning sites are effective. The same behaviour has also been observed in Tb-FeCo alloy films [1] where magnetization reversal occurs by domain nucleation followed by domain wall motion. In the case of the 14 bilayer film the activation volume shows a monotonic decline as magnetization reversal proceeds. This type of behaviour is usually observed in particulate materials with a distribution of grain volumes [25] ; however, it is unclear whether or not this is the correct interpretation of this data. Figure 7 shows representative hysteresis loops from the N series films. Figure 7(a) shows the hysteresis loop for the 12 bilayer N series film which was chosen as representative of the films with 6-20 bilayers. The multilayer with 24 bilayers shows a different hysteresis behaviour in that the loop has a tail towards negative saturation. Remanence curves for four representative films from the N series (Tb = 14.3Å, Fe = 8.5Å) multilayers are shown in figure 8 . Examination of figure 8 shows that as the number of bilayers in the multilayer stack increases, the value of the remanence coercivity decreases in a systematic way, and as such mirrors the coercivity obtained from the hysteresis loops. The data from the 6, 12 and 18 bilayer films all show the same features. That is, the remanent magnetization, as a function of applied field, measured by the DCD remanence curve does not start to change until the remanent magnetization measured by the IRM remanence curve has reached saturation. This behaviour is associated with magnetization reversal that is governed by domain nucleation rather than domain wall motion, as explained previously for the M series films. The 24 bilayer film shows different remanence properties. Here the DCD remanence curve undergoes significant changes before the IRM curve reaches saturation. Thus for this film the initial stages of magnetization reversal are controlled by domain nucleation processes, but as magnetization reversal proceeds this situation changes and the reversal process becomes controlled by the distribution of domain wall pinning strengths. The energy barrier distributions obtained from the two principal remanence curves are shown in figure 9 . This shows that as the number of bilayers increases the width of the energy barrier distribution determined from the DCD remanence curve decreases. This apparent change in width as a function of number of bilayers is due to the reduction in remanent coercivity noted earlier. When the energy barrier distribution for domain nucleation is normalized by the remanence coercivity the width of the distribution remains constant at approximately 12% of the remanence coercivity. This finite width is consistent with the explanation offered in the associated paper [1] where it was noted that demagnetizing effects would cause a finite width to be measured in the domain nucleation energy barrier distribution when plotted as a function of applied field. The energy barrier distributions for the 24 bilayer film show significantly different behaviour compared with the other films in the series. Here the energy barrier distribution obtained from the DCD remanence curve has an initial sharp peak, followed by a tail. The sharp peak represents domain nucleation, and the tail represents the high-field portion of the domain wall pinning energy barrier distribution. The energy barrier distribution obtained from the IRM remanence curve gives the entire domain wall pinning energy barrier distribution. Thus these results indicate that an initially sharp magnetization reversal is followed by a tail region as reverse saturation is approached, as observed in the hysteresis loop, figure 7 .
N series multilayers (Tb = 14.3Å, Fe = 8.5Å)
Comparison of figures 9(c) and 9(d) shows how the energy barrier distributions change between the 18 and 24 bilayer films. The shift in the DCD energy barrier peak is simply a continuation of the trend observed in this series. The significant change occurs in the width of the domain wall pinning energy barrier distribution which increases approximately fourfold between the two films. This accounts for the tail observed in the energy barrier distribution obtained from the DCD remanence curve. Thus the mechanism used to explain the observed changes in magnetic properties as the number of bilayers increases, must be capable of producing an increase in the range of domain wall pinning energies. One possible mechanism that would produce this effect involves an increase in the interfacial roughness of the layers as the stack depth increases. Such an increase in roughness could then lead to the films acquiring a more particulate nature, as larger grains would be able to form as the multilayer structure deteriorates. This idea can be explored further using the delta-I plot. The delta-I plots obtained for four films from the N series (Tb = 14.3Å, Fe = 8.5Å) multilayers are shown in figure 10 . Figure 10 shows completely positive delta-I plots for all but the 24 bilayer film which has an initial positive peak, followed by a negative peak. Interpretation of this delta-I plot follows from the analysis of the M series delta-I plots given previously. The values of I extme for the first three films in the series are I extme = 1.67, 1.93 and 1.77 for the 6, 12 and 18 bilayer films respectively. Thus, in these films magnetization reversal is almost completely governed by domain nucleation processes, rather than domain wall motion, as the values obtained for I extme are close to the maximum value of two. The 24 bilayer film shows a dual character, the initial positive peak indicates that magnetization reversal is initially governed by domain nucleation processes, however as the reversal proceeds, domain wall pinning becomes the controlling mechanism. It would be reasonable to anticipate that films with this type of delta-I plot would be a more suitable candidate for high-density recording applications as small stable domains are more likely to be formed. The negative part of this delta-I plot can be interpreted using the same working model used previously for the M series. Thus, according to this model, the 24 bilayer film shows magnetic characteristics consistent with a more particulate nature than the other films in the series. Hence, as with the M series, an increase in multilayer stack depth may result in a more granular material. Changes in the magnetic characteristics of multilayer systems as a function of increasing the multilayer stack have also been observed by other workers [26] . They attributed changes to increasing interfacial roughness although a decrease in internal stress was not ruled out. Such changes in stress are a well known thickness-related thin film phenomenon.
Time dependence data for two films from the N series (Tb = 14.3Å, Fe = 8.5Å) multilayer films are given in figure 11 .
The data from the 14 bilayer multilayer are representative of all the films in the series except the 24 bilayer film and show the typical nonlinear ln(time) behaviour already associated with films exhibiting magnetization reversal controlled by domain nucleation. The 24 bilayer film shows mixed results- initially clear nonlinear ln(time) behaviour is observed, but as magnetization reversal proceeds a transition to linear ln(time) behaviour is observed. These differences clearly show that the magnetization reversal mechanism determines the form of the time dependence of magnetization in these magneto-optic thin films. In the 24 bilayer film the controlling magnetization reversal process changed from domain nucleation to domain wall motion as reversal proceeded. Fluctuation fields and activation volumes were obtained from these time dependence measurements using the magnetic constitutive equation method [24] . The data were rather noisy so only qualitative comments can be made. Figure 12 shows H f and V act for the 14 bilayer film in the N series. Despite the poor quality of these, and the other N series activation volume data, two tentative conclusions may be drawn. Firstly, the general form of the data indicates that the volume of material reversed during the initial nucleation phase is greater than the volume subsequently reversed. This, and the general form of the data, are consistent with the data obtained for the domain nucleation controlled films in the M series and other TbFe-Co magneto-optic films [1] . Secondly, the values of activation volumes are approximately the same in all the domain nucleation controlled films in both the M and N series.
O series multilayers (Tb = 14.3Å, Fe = 12.6Å)
Films from the O series (Tb = 14.3Å, Fe = 12.6Å) show different hysteresis properties to the two previous series. Figure 13 shows hysteresis loops for the 6 and 20 bilayer films. Figure 14 shows saturation magnetization and coercivity as a function of number of bilayers for this series. The data shown in figure 14 strongly suggest that as the number of bilayers increases the material goes through some sort of magnetic anomaly. The data are reminiscent of a transition though the compensation point where competition between magnetic sublattices leads to the saturation magnetization tending to zero, while the coercivity tends to infinity. However, there is no evidence from the x-ray fluorescence data used to determine composition that the overall composition changes as the number of bilayers is increased, although changes could occur on a local scale.
Examination of figure 13 shows that the hysteresis loops is significantly different either side of the transition. The 20 bilayer loop shows a mixed anisotropy with components in both the easy and hard directions. Figure 15 shows how the DCD remanence curves and the energy barrier distribution derived from them vary as a function number of bilayers. With the exception of the 6 bilayer film, IRM remanence curves could not be measured for this series due to problems in demagnetizing the samples. These data are easier to interpret than the hysteresis loops as paramagnetic contributions are automatically excluded. Examination of figure 15 shows that the irreversible magnetization initially decreases while the remanent coercivity H r increases as the number of bilayers in the multilayer stack increases, but as the stack increases further then remanent magnetization starts to rise whilst H r declines. Hence these data confirm that this series of multilayer films appears to undergo a magnetic transition as the number of bilayers increases. The energy barrier distributions obtained from the DCD remanence curves for these three films show a single well defined peak, as does the distribution for the 6 bilayer film, figure 16 . This suggests that films either side of the magnetic transition noted earlier have essentially the same magnetization reversal mechanism. None of these energy barrier distributions show the characteristic tail, noted in the N series multilayers, for systems where both domain nucleation and domain wall pinning govern magnetization reversal. This reinforces the suggestion that in these films magnetization reversal is exclusively domain nucleation controlled.
The only O series film for which both IRM and DCD remanence curves could be measured was the 6 bilayer film; these remanence curves and the energy barrier distribution derived from them together with the delta-I plot are shown in figure 16 . The data shown in figure 16 for the 6 bilayer O series film have the same form as the data for the 6 bilayer N series film. The value of I extme for this film is 1.73, indicating that magnetization reversal is essentially controlled by domain nucleation. The fact that the other films in this series could not be demagnetized using an a.c. demagnetizing technique operating at 50 Hz strongly suggests that magnetization reversal in the other films in the series is also governed by domain nucleation processes.
The postulated domain nucleation controlled magnetization reversal process of the O series (Tb = 14.3Å, The data presented here show that nonlinear time dependence of magnetization has been associated with materials where magnetization reversal is controlled by domain nucleation rather than domain wall motion. The form of the activation volume as a function of applied field is the same for all the films controlled by domain nucleation processes. Thus, initially, a relatively large activation volume is measured as the first domains are nucleated, this is then followed by a region of smaller activation volumes as domain walls move through the material, and finally an increase in activation volume is observed as a small increase in applied field renders all but the strongest domain wall pinning sites redundant. The magnitude of the activation volumes obtained here are the same as the domain nucleation controlled multilayers in both the other two series of films. Thus, for these three series of films, the order of magnitude of the activation volume appears to be dependent on the magnetization reversal mechanism.
Conclusions
Using the interpretation developed in an accompanying paper [1] , the magnetization reversal characteristics and time dependence of three series of Tb/Fe multilayer films were investigated. Each series consisted of the same individual Tb and Fe layer thicknesses, varying between 8.5 and 19.8Å, whilst the number of bilayers in the stack varied between 6 and 24. Thus the overall composition remain constant throughout a series. Results showed that the thinnest films from all three series exhibited magnetization reversal that was essentially controlled by domain nucleation processes. In the highest Tb content films (Tb = 46.2 at.%), this gave way to domain wall pinning controlled reversal after the 6 bilayer film. In the intermediate Tb content film (Tb = 38.4 at.%), domain wall pinning became important only after the 20 bilayer film, whereas for the low Tb content film (Tb = 29.4 at.%) reversal remained domain nucleation controlled throughout the series. It is suggested that interfacial mixing and segregation could account for these observations. There was also some additional evidence, from single-layer alloy films [1] , that thicker films exhibit magnetization reversal that is predominantly domain wall pinning controlled. The form of the time dependence of magnetization appears to be connected to the magnetization reversal process. All the films that showed magnetization reversal dominated by domain nucleation also exhibited a nonlinear ln(t) time dependence, whereas films showing domain wall pinning reversal exhibited a linear ln(t) time dependence. This is consistent with the nucleation model as, in order to achieve any magnetization reversal, sufficient energy must be applied to the system to induce the formation of reverse domains; however, once formed, the domain walls are then able to move rapidly through the material giving rise to the nonlinear behaviour of ln(t). Activation volumes were determined for all three series of Tb/Fe multilayer films. These showed a strong correlation between the form of activation volume as a function of applied field and the magnetization reversal mechanism.
